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Bradley Univers ity, Peoria, Illinois 61606
Werner Soedel, Associat e Professo r of Mechani cal Engineer ing
Purdue Univers ity, W. Lafayett e, Indiana 47907
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location but set back a certain distance ,
connecte d to the measurem ent location by
a small volume, orifice or narrow channel,
or a combina tion of these,
In many application cases, with modern transduc ers like
the piezoele ctric type with high cut-off
frequenc ies of 100 kHz or more, the mounting scheme is actually the limiting factor
of frequenc y response .
It is, therefor e,
of importan ce to compute the frequenc y
response of such mounts with a certain
degree of accuracy .
In doing this, oversimplifi cations should be avoided,
For
example, simple Helmholt z resonato r theory
is generall y not satisfac tory for many
practica l adapter systems with a long
connecti ng tube or passagew ay. Also, if
the adapter connecti ng tube is modeled as
a simple organ pipe, errors will result
due to the neglecti on of the small volume
at the transduc er location . Thus, a
theory which is valid for both of the
above cases would eliminat e the possibility of over-sim plificati on.

= Radius of tube 2 [in]
= Speed of sound [in/sec)
= Frequenc y (Hz)
= w/c = Wave number [rad/in]
= Length of tube l [in]
= Length of tube 2 [in]
= Pressure in tube l [lb/in 2 J
= Pressure ~n tube 2 [lb/in 2 J
= Pressure at transduc er face [lb/in 2 J
= Pressure at measurem ent location
[lb/in 2 J
= Volume velocity in tube l [in3/sec ]

Q
1
Q = Volume velocity in tube 2 [in3/sec ]
2
R

= v1 1v 2 =

Volume ratio
= Area of tube 1 [in 2 J
= Area of tube 2 [in 2 J
t
= Time [sec]
v = s L = Volume of tube l [in 3 ]
1
1 1
v2 = S 2 L2 = Volume of tube 2 [in 3 ]
= Coordina te of tube l [in]
x
w
p

2

For compress or applicat ions, geometr ical
consider ations sometime s necessit ate the
use of adapter systems. The measurem ent
of compress or cylinder pressure , for
example, generall y does not allow the
transduc er diaphrag m to be flush mounted
with the cylinder wall.
In this case an
adapter system of small overall volume may
be required to avoid a signific ant change
in the compress or clearanc e volume.
Transduc er adapter systems may also be
required for the measurem ent of pressure
in the suction and discharg e plenums.
However, for this applicat ion, frequenc y
compone nts associat ed with standing waves
in the plenums may excite a resonanc e
conditio n in the adapter. Since these
standing wave frequenc ies may be very high,
it is difficul t to design an adapter which
will not be affected by one of the numerous frequenc y componen ts present in the
plenums. Thus, if at all possible ,
adapter systems should not be employed for
pressure measurem ents in plenums or other
fixed geometry environm ents,

= Coordina te of tube 2 [in]
= 2nf = Frequenc y [rad/sec ]
= Density of gas [lbm/in3 ]

INTRODUCTION
The importan ce of transduc er frequenc y
response in measurin s dynamic pressure s is
well recogniz ed and is reflecte d in the
catalogu es of transduc er manufac turers.
The value of the highest frequenc y until
which the transduc er will transmit information without either magnific ation or
attenuat ion of more than a nominal amount
is communi cated to the customer . This
frequenc y is usually a certain fraction of
the first natural frequenc y of the measurinp, device.
It is also generall y recognized that a further reductio n in frequenc y
response takes place if the transduc er face
is not flush mounted at the measurem ent
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In the following, simplified frequency
equations are derived from a general wave
equation model and limitations of these
equations are pointed out. A practical
case is investigated numerically to point
out errors that may typically occur by a
too simple minded approach to the mounting problem. Experimenta l data using this
adapter system is then presented to illustrate adapter resonances which may occur
in compressor plenum pressure measurement s.

The following four boundary conditions
apply:

Q (O,t) = 0
1
Q1 CL1 ,t) = Q2 CO,t)
P CL ,t) = P 2 CO,t)
1 1
P CL 2 ,t) = 0
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For the above system of equations to have
a nontrivial solution, the determinant of
the matrix of coefficients must be zero.
Upon satisfying this criteria, the following frequency equation results.

The basic transducer mount or adapter
considered here consists of two concentric
circular tubes connecting the measurement
location <Pm) to the transducer face (Pf)
It is assumed that
as shown in Figure 1.
the volume associated with the pressure
to be measured is large compared to the
total volume of the transducer adapter.
This is true for any well designed measuring scheme. Thus, only frequency response
It is also
criteria need be considered.
assumed that the transducer is of the
piezoelectri c type which typically has a
frequency response much higher than that
of a typical adapter. Thus, attention
has to be focused on the adapter system
since its frequency response will control
the frequency response of the entire
measuring set-up. For types of transducers that have a frequency response of
the order of magnitude of the response of
the adapter, transducer and adapter have
to be investigated as a joined system.

( 5)

The lowest frequency given by this equation represents the first resonance of the
adapter system and should be well above
the highest frequency of interest in the
measured pressure signal.
THE HELMHOLTZ RESONATOR
Equation 5 is valid for all types of
passage configuratio ns which may be repreFor
sented by two concentric tubes.
certain tube combinations it can be simplified to yield the classical Helmholtz
resonator equation which is traditionall y
derived from simplified physical considerations. To do this, the tube dimensions must be assumed such that kL1<< l
and kL << 1. Then,
2
and

To analyze the adapter system, plane wave
acoustic theory is utilized. From a
steady state solution to the wave equation
(Reference 1), the following equations are
obtained for pressures P1, P2, and volume
velocities Ql, Q2•

Equation 5 now becomes, after some man1pulation,

(A e -ikxl + B e ikxl) e iwt
·
P1 ( x 1 ,t ) = 1wpc
1
1

f

(1)

iwpc(A2e-ikx 2 + B2eikx2)eiw t

= 2~12 l!IR

where R

( 2)

818

( 4)

Using Equations 1-4 to satisfy the above
boundary conditions yields four linear
homogeneous algebraic equations in terms
of A1 , B1 , AL, B2 .

THE BASIC SYSTEM AND ITS WAVE EQUATION
SOLUTION

=

iwS2(A2e-ikx 2 - B2eikx2)eiw t

2

It is believed that the presented exposition is not available in the literature
in such a collected form, even while some
of the derived equations are available,
It is also believed that
(Reference 2-4).
the presented approach of deriving all
equations of interest from a basic wave
equation model has certain special merits
as far as the basic understandin g of
Helmholtz resonator type dynamics is
concerned.

P2Cxl,t)

=

Q2Cx2,t)

vl

= v; =

(6)

SlLl

~

Equation 6 is an approximate equation and
is only valid for large values of the
For example, Equation 6
volume ratio, R.

ikxl)eiwt
( 3)
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will be greater than 5% in error (relativ e
to Equatio n 5) for R < 3.
Since most well
designe d adapter systems have a volume
ratio of l or less, the Helmho ltz equatio n
should be avoided for this applica tion.

In applyinv , Equatio n 11 as well as other
equatio ns conside red herein, a correct ion
to the len~th, 12, should be conside red,
Due to gas inertia at the connec ting tube
exit, X2 = 12, the length, 12, should be
increas ed by the factor na/4,
(Refere nce
4).
In doing this, it should be remembered that R is also a functio n of L2.
For adapter systems the above correct ion
is often insigni ficant since it is not
uncommo n for 1 2 to be much greater than a.

COMMON ADAPTER CONFIGURATIONS
For many common adapter systems , L << L ,
1
2
and only the assump tion, kL << 1, may be
1
made for the general system defined by
Equatio n 5.
For this case, Equatio n 5
becomes :

ADAPTER DAMPING

( 7)

This equatio n is valid for all values of R
covered by the Helmho ltz equatio n as well
as for R + 0.
Note that at R = 0, Equatio n
7 may be express ed in the form:

=

cos CkL )
2

( 8)

0

From this equatio n the so-call ed organ
pipe frequen cies are obtaine d.

=

f

(2n+l)

c

( 9)
Cn = 0,1,2, ••• )
L2
For adapter systems , Equatio n 9 can only
be exact when V1 = 0, and therefo re,
should not be employe d except for very
small values of R.
For example , with
R > 0.1, an error greater than 10%
(relativ e to Equatio ns 5 or 7) will result
if Equatio n 9 is employe d.

Equatio n 7 is recomme nded for the design
of pressur e transdu cer adapter systems .
Howeve r, in its present form, the desired
adapter resonan t frequen cy may only be
obtaine d by trial and error or iterati ve
procedu res.
Fortuna tely, approxi mate
equatio ns are possibl e which allow an
explic it calcula tion of the fundam ental
adapter frequen cy.
If approp riate trigometric series approxi mations are made to
Eauatio n 7, the followi ns approxi mating
equatio n may be obtaine d for the first
natural frequen cy of the adapter system.
(See also Referen ce 2.)

.
f

=

c
2n1

l!rR+0. 5

A TYPICAL APPLICATION EXAMPLE
To demons trate the varied results which
may be obtaine d when differe nt assump tions
are employe d in estimat ing resonan t frequencie s for transdu cer adapter s or
mounts, frequen cy calcula tions were made
for a commer cially availab le adapter used
with piezoe lectric transdu cters.
This
adapter was then employe d in the measure ment of a compre ssor dischar ge plenum
pressur e and pressur e oscilla tions corresponding to adapter resonan ces were found
to exist. The adapter conside red had the
followi ng dimensi ons:
sl
= 0.0380 in 2
:: 0.0130 in
11
2
s2
= 0.00127 2 in
12
= 0.540 in
na/4 = 0.016 in

ClO)

2

With this equatio n, errors as great as 10%
are still possibl e for small values of R.
To improve this result further , the constant, o.S, was adjuste d until a maximum
error of 1.6% (relativ e to Equatio n 7) was
obtaine d over the volume ratio range,
0 < R < 100. The result is given below.
~

=

c
2n1

l//R+.39 0S
(ll)
2
from the above equatio n it is apparen t
that a reducti on in either R or L2 will
serve to raise the first natural frequen cy
of the adapter system.
"

If a resonan t frequen cy of the adapter
system is excited , gas pressur e oscillations will occur which may introdu ce
serious errors in the desired measure d
pressur e.
To minimiz e these errors, the
adapter design should incorpo rate adequat e
damping .
Two such methods for accomp lishing this are suggest ed by Nagao and
Ikegami (Refere nce 3):
1) an extreme
narrowi ng of the adapter connec ting tube
and, 2) the install ation of a small
orifice at the connec ting tube end,
X2 = L2.
With the first method, the
volume ratio, R, must be held constan t to
maintai n a constan t value for the undampe d
natural frequen cy of the absorbe r system.
Signifi cant reducti ons in adapter frequency respons e will, howeve r, still occur
due to the increas ed damping in the system.
With the second method adequat e damping is
obtaine d without a signifi cant loss in
frequen cy respons e.
Nagao and Ikegami
give an equatio n for calcult ing the optimum orifice to tube area ratio and a~ree
ment with experim ent is shown.

R

=

0.728

The medium was Freon 12 with a speed of
sound of c = 5700 in/sec.
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Approaching the problem superfi~ially, one
may have been tempted to use the organ
pipe solution, Equation 9, since the ratio
12/11 was more than 40, However, the influence of the small volume above the
transducer head is considerable, as the
results given below reveal.
Equation

5

7
11
6
9

suggested in Reference 3 might be_installed at the connecting tube end,
X2 = Lz, to provide both damping and gooc
frequency response.
4.
Pressure transducer adapter systems
are likely to cause measurement errors in
fixed geometry installations where numerous frequency components are possible
due to the existence of standing waves.

Fre~uenc~ (Hz)

15 2, 5 40

1582, 5740
1557
1941
2563
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Figure 2. Compressor Plenum Pressure

Figure 3. Compressor Plenum Pressure
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